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Microcin E492 (MccE492) is a bactericidal protein secreted by Klebsiella pneumoniae that is active against
various species of Enterobacteriaceae. Interaction of MccE492 with target cells leads to the depolarization and
permeabilization of their inner membranes. Several MccE492-specific proteins are required for the maturation
and secretion of active MccE492. Surprisingly, the expression of only MceA, the polypeptide backbone of
MccE492, is shown here to be toxic by itself. We refer to this phenomenon as endogenous MceA bactericidal
activity to differentiate it from the action of extracellularly secreted MccE492. The toxicity of endogenous MceA
is enhanced by an efficient targeting to the inner membrane. However, a periplasmic intermediate state is not
required for MceA toxicity. Indeed, endogenous MceA remains fully active when it is fused to thioredoxin-1, a
fast-folding protein that promotes retention of the C terminus of MceA in the cytoplasm. The C-terminal
domain of MccE492 is required only for delivery from the extracellular environment to the periplasm, and it
is not required for inner membrane damage. A common component is absolutely essential for the bactericidal
activity of both endogenous MceA and extracellular MccE492. Indeed, toxicity is strictly dependent on the
presence of ManYZ, an inner membrane protein complex involved in mannose uptake. Based on these findings,
we propose a new model for cell entry, inner membrane insertion, and toxic activity of MccE492.

Bacteriocins are antibacterial proteins secreted into the me-
dium to kill competing bacteria. Microcin E492 (MccE492) is
a low-molecular-weight bacteriocin produced by Klebsiella
pneumoniae RYC492 that is active against several species of
Enterobacteriaceae, including Escherichia, Salmonella, Entero-
bacter, and Klebsiella spp. (12, 13, 55). The genetic determi-
nants responsible for MccE492 synthesis, secretion, and immu-
nity are encoded by a 13-kb segment of the Klebsiella
pneumoniae chromosome. This gene cluster of 10 open reading
frames, mceA to mceJ, has been cloned and shown to be func-
tional in Escherichia coli (32).

The structural gene for MccE492, mceA, is expressed as a
99- or 103-residue preprotein, preMceA (33), which is post-
translationally modified under certain growth conditions
through a poorly understood pathway involving MceC, MceI,
and MceJ. This modification consists in the covalent attach-
ment to the C-terminal serine of a glucose moiety linked to a
trimer of 2,3-dihydroxybenzoylserine. The modified form of
MccE492 purified from culture supernatants has been shown
to be four to eight times as potent as the nonmodified form
(55). However, mutations in either mceC, mceI, or mceJ have
been reported to completely abolish the bactericidal activity of
the secreted microcin (32), suggesting that the posttransla-
tional modification undergone by preMceA is essential for
activity on target cells. More extensive and systematic work will
be required to determine whether this modification only im-
proves activity or is absolutely required for antibacterial action.

preMceA is cleaved at its N terminus before or during

export through a dedicated ABC exporter made of MceF,
MceG, and MceH to yield the active, modified, 84-residue
microcin MccE492 (32, 33). MccE492 purified from a cul-
ture supernatant has an apparent molecular mass of 22 kDa
in physiological buffer, which would correspond to either a
dimer or a trimer (16).

MccE492 is recognized by three receptors, FepA, Fiu, and
Cir, on the outer membrane of E. coli (43, 54). All are well-
described catechol-type siderophore receptors. The specificity
of this recognition has been proposed to be enhanced by the
posttranslational modification of MccE492, which mimics a
catechol-type siderophore (55). MccE492 translocation across
the outer membrane requires TonB (45), an inner membrane
protein that transduces energy from the proton motive force to
various outer membrane proteins, including iron chelate re-
ceptors such as FepA, Fiu, and Cir and the vitamin B12 recep-
tor (40).

Several lines of evidence indicate that MccE492 inserts into
the inner membrane to form toxic pore-like structures respon-
sible for membrane depolarization and permeabilization. In-
deed, in vitro experiments have shown that purified MccE492
forms voltage-independent cation-selective single channels in
planar phospholipid bilayers (16, 34). In vivo, MccE492 has
been shown to induce a depolarization of the inner membrane,
as evidenced by amino acid uptake and tetraphenylphospho-
nium ion accumulation measurements (14), as well as a per-
meabilization of the inner membrane, as shown by o-nitrophenyl-
�-D-galactopyranoside diffusion assay (16).

MccE492-producing bacteria synthesize an immunity protein,
MceB, which renders the cell resistant to the microcin. Al-
though MceB has been shown to be associated with the inner
membrane (33), the molecular mechanism of this immunity
remains enigmatic.
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Since MccE492 is a small protein that is unlikely to form a
pore structure as a monomer, an oligomerization process or
association with host proteins is probably required for its ac-
tivity. However, the molecular identity of this toxic structure,
as well as the mechanism underlying its formation, is still un-
known.

We recently reported that MccE492 has the unusual ability
to assemble into amyloid fibrils that exhibit the same morpho-
logical, structural, and biochemical properties as the aggre-
gates observed in amyloid-associated diseases, such as Alzhei-
mer’s, Parkinson’s, or prion diseases. Since the formation of
amyloid fibrils is simultaneously associated with a loss of
MccE492 solubility and bactericidal activity, it was proposed
that bacteria could employ the membrane-permeabilizing
properties of small oligomeric prefibrillar amyloid aggregates
to kill cells (2).

Here, we report that the expression of MceA, the polypep-
tide backbone of MccE492, is toxic by itself. We refer to this
phenomenon as endogenous MceA bactericidal activity to dif-
ferentiate it from the action of extracellular MccE492, which is
secreted in the medium. We have taken advantage of this
property to further characterize the mechanism of action of
this microcin. We find that the toxicity of endogenous MceA is
enhanced by an efficient targeting to the inner membrane.
Endogenous MceA remains fully active when it is C-terminally
fused to thioredoxin-1, a fast-folding protein that ensures re-
tention in the cytoplasm. Thus, endogenous MceA probably
integrates in the inner membrane with its C terminus in the
cytoplasm without being fully exported to the periplasm. In
addition, to determine which portions of MceA are required
for cell entry or for inner membrane damage, we have engi-
neered a series of constructs expressing full-length or trun-
cated MceA. By comparing their bactericidal activities as en-
dogenous proteins or as secreted proteins acting on target

cells, we show that the C-terminal domain of MccE492 is
required only for delivery from the extracellular environment
to the periplasm and that it is not involved in inner membrane
damage. Finally, through a random mutagenesis approach, we
find that an inner membrane protein complex involved in man-
nose uptake, ManYZ, is essential for the bactericidal activity of
both endogenous MceA and extracellular MccE492.

MATERIALS AND METHODS

Reagents. Liquid and solid media were prepared as described previously (39).
Antibiotics were used at the following concentrations: ampicillin (Ap), 200 �g/
ml; chloramphenicol (Cm), 30 �g/ml; kanamycin (Kn), 40 �g/ml; spectinomycin
(Sp), 50 �g/ml; and tetracycline (Tc), 7.5 �g/ml. The anti-MceA rabbit antiserum
(AnaSpec) was raised against a C-terminal fragment of MceA (SGSGYNSATS
SSGSGS; synthesized at AnaSpec). The anti-OmpA rabbit antiserum was raised
against sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE)-purified OmpA (Covalab).

Bacterial strains and plasmids. The E. coli strains and plasmids used in this
study are described in Tables 1 and 2, respectively. Strain AB2 was obtained by
phage P1vir-mediated transduction (39) of AB1, using a lysate grown on MC4100
and selecting for Trp� recombinants. AB3 was obtained by transduction of the
�manXYZ::cat deletion of DPE271�LPM into DB503. AB8 was obtained by
transduction of the �cyaA1400::Kn deletion of SP850 into DB503. Phage M13
mp18 growth was assessed for strain JM101 and for an isogenic strain bearing a
trxA14::Kn mutation (49) in the presence of IPTG (isopropyl-�-D-thiogalacto-
pyranoside) and X-Gal (5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside).
The genes involved in MccE492 production and immunity used for the construc-
tions employed in this study were all derived from pJEM15 (57). In contrast to
other plasmids harboring the MccE492 genes, pJEM15 does not interfere with
cell growth and was therefore chosen for this study. Note that the orientation of
the 6.9-kb XhoI fragment of pJEM15 is inverted relative to that for the K.
pneumoniae chromosome and that this plasmid contains a duplication of the
2.5-kb SalI fragment comprising mceF (Fig. 1A). The mceA coding sequence in
pJEM15 is identical to that originally obtained from plasmid pJAM434 (33) and
deposited in Swiss-Prot under accession number Q9Z4N4. pAB3 (Apr) was
constructed by ligating EcoRI/BspEI-digested pBR322 with an oligonucleotide
containing an NsiI site. pAB4 was obtained by ligating an NsiI fragment of
pJEM15 containing mceE, mceJ, mceI, mceH, mceG, and mceF (one NsiI site is
in an unmapped region upstream of the two mceF genes) into pAB3. pAB5 (Tcr)

TABLE 1. E. coli strains

Strain Genotype/description Source/reference

DH5� F� deoR recA1 endA1 hsdR17 supE44 �� thi-1 gyrA96 relA1 26
DH10B-T1 F� mcrA �(mrr-hsdRMS-mcrBC) �80dlacZ�M15 �lacX74 deoR recA1

endA1 araD139 �(ara-leu)7697 galU galK �� rpsL nupG fhuA
Invitrogen

BL21 F� ompT hsdS(rB
� mB

�) gal dcm Amersham
MC4100 F� araD139 relA1 thi rpsL150 flbB5301 �(argF-lac)U169 deoC1 ptsF25 rbsR 6
DB503 MC4100 malE16-1 �ara714 Lab collection
AB4 DB503 manY::Tn10 This study
DB512 MC4100 malE18-1 �ara714 rpoA341 Lab collection
AB1 �� �(tonB-trpB)873 his IN(rrnD-rrnE)1 rph-1 W3110his�trpAB in

reference 59
AB2 AB1 trp�tonB� Lab collection
MC1000 F� araD139 �(ara-leu)7697 �(lac)X74 rpsL150 galU galK thi 7
AD85 MC1000 malF�3 phoA�(PvuII) phoR F	lacIQ pro with pACYClacIQ 15
AD413 AD85 prlA4 15
DPE271�LPM �manXYZ::cat 24
AB3 DB503 �manXYZ::cat This study
MG1655 �� ilvG rfb-50 rph-1 3
AB5 MG1655 manY::Tn10 This study
JCB606 E. coli RV �nir dipZ 9
AB6 JCB606 manY::Tn10 This study
H1443 MC4100 aroB 27
H1876 H1443 fepA::Tn10 fiu::MudX cir 27
AB7 DH10B-T1 with pAB4 and pAB7 This study
SP850 �� e14� relA1 spoT1 �cyaA1400::Kn thi-1 53
AB8 DB503 �cyaA1400::Kn This study
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was produced by ligating an SnaBI-DraI fragment of pJEM15 containing mceA,
mceB, mceC, and mceD into pACYC184 digested with ScaI and DraI (the DraI
site was recovered). A BglII site was inserted in pAB5 by PCR downstream of
mceA to yield pAB6. pAB7, containing mceB, mceC, and mceD, was obtained by
digesting pAB6 with BglII and BsaI, filling in with Klenow fragment, and self-
ligating. pAB8, containing mceC and mceD, was obtained by digesting pAB6 with
BglII and EcoRI, filling in with Klenow fragment, and self-ligating. To construct
pBAD101 (Spr), a fragment containing the promoter of the arabinose BAD
operon (PBAD) and the araC gene was obtained by digesting pBAD24 (25) with
BspHI and filling in with Klenow fragment. This fragment was cloned in EcoRI/
HindIII-digested and Klenow fragment-treated pGB2, a low-copy-number vector
with a pSC101 replication origin (8). pAB10, expressing preMceA with its 15-

residue ABC signal sequence (ABC-MceA) under the control of the PBAD

promoter, was constructed by PCR amplification of pJEM15, using as primers
5	-CGCGTCATGAGAGAAATTAGTC and MCEADON (5	-GGAATAGAT
CTAGGCATAAGGATCTCGCACC). After treatment with Klenow fragment,
the amplified DNA was digested with BspHI and cloned in NcoI/HincII-digested
pBAD101. Note that it is unknown whether the original ABC signal sequence of
preMceA consists of 15 or 19 residues in K. pneumoniae, due to the presence of
two possible start codons. However, the presence of a better Shine-Dalgarno
consensus would favor the 15-residue signal sequence in E. coli (33). We origi-
nally cloned both coding sequences in pBAD101. Since the plasmid correspond-
ing to the 15-residue signal sequence (Fig. 1B), pAB10, was associated with an
MccE492 activity in culture supernatants much higher than that of the plasmid

TABLE 2. Plasmids

Plasmid Description Source/reference

pJEM15 Microcin E492 genes (Fig. 1A) 57
pAB3 pBR322 with NsiI site, Apr This study
pAB4 pAB3 with mceE mceJ mceI mceH mceG mceF This study
pAB5 pACYC184 with mceA mceB mceC mceD; Tcr This study
pAB6 pAB5 with BglII site This study
pAB7 pAB6 �mceA This study
pAB8 pAB6 �mceAB This study
pBAD24 Vector with pBR322 replication origin, PBAD promoter and araC; Apr 25
pGB2 Vector with pSC101 replication origin; Spr 8
pBAD101 PBAD promoter and araC in pGB2 This study
pBAD24phoA73 pBAD24 expressing PhoA73 Lab collection
pAB9 pBAD101 expressing PhoA-MceA This study
pAB10 pBAD101 expressing ABC-MceA This study
pAB11 pBAD101 expressing PhoA73-MceA This study
pAB12 pBAD101 expressing �ss-MceA This study
pAB13 pBAD24 expressing MceA with an N-terminal hexahistidine tag (6H-MceA) This study
pAB10-1C, -6C, -11C, and -16C pAB10 expressing ABC-MceA without 1, 6, 11, and 16 C-terminal residues This study
pAB13-1C, -6C, -11C, and -16C pAB13 expressing 6H-MceA without 1, 6, 11, and 16 C-terminal residues This study
pAB15 pAB11 expressing TrxA fused to the C terminus of PhoA73-MceA This study
pAB16 pAB12 expressing TrxA fused to the C terminus of �ss-MceA This study
pJFL manX driven by Ptac; Apr 52
pTSP11 manY driven by Ptac; Apr 20
pJFP-H6M manYZ driven by Ptac; Apr 21
pJFLPM manXYZ driven by Ptac; Apr 21
pBAD33 Vector with pACYC184 replication origin, PBAD and araC; Cmr 25
pAB17 pBAD33 with manZ driven by PBAD This study

FIG. 1. (A) Microcin E492 gene cluster from plasmid pJEM15. Open reading frames are represented by arrows. The restriction sites relevant
for plasmid constructions are indicated. (B) Amino acid sequence of mature 84-residue MceA. The positions of the stop codons inserted to
generate the C-terminally truncated MceA mutants are indicated (-16C, -11C, -6C, and -1C). The posttranslational modification of the C-terminal
serine is symbolized by an asterisk. The original ABC signal sequence of preMceA and the signal sequence of PhoA73-MceA are shown
underneath. The mutated amino acid in PhoA73-MceA (Q14) is underlined. The signalless construct (�ss-MceA) consists of a methionine residue
followed by the mature portion of preMceA.
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expressing preMceA with the 19-residue signal sequence (data not shown), the
former was chosen for this study. To construct pAB9, expressing a fusion of the
alkaline phosphatase (PhoA) signal sequence to the mature portion of preMceA
(PhoA-MceA) under the control of the PBAD promoter, a region comprising the
end of the PBAD promoter and the beginning of the phoA coding sequence was
amplified by performing a PCR on pBAD24phoA (1), using as primers 5	-CCT
GACGCTTTTTATCGC (PBAD promoter) and 5	-GGATCGGTCTCTCCT
GCTTTTGTCACAGG. The amplified DNA was digested with NheI and BsaI
and ligated into pAB10 partially digested with NheI/BsaI. pAB11, expressing
a fusion of the signal sequence of PhoA73 (Fig. 1B) to the mature portion
of preMceA (PhoA73-MceA) under the control of the PBAD promoter, was
constructed similarly to pAB9, except that the PCR was performed on
pBAD24phoA73 (lab collection), a plasmid with a mutation (L14Q) in the PhoA
signal sequence (38). pAB12, expressing the mature portion of preMceA imme-
diately following the N-terminal methionine without any signal sequence (�ss-
MceA) under the control of the PBAD promoter, was constructed by performing
a PCR on pAB6, using as primers 5	-CGTAGCTAGCAGGAGGAATTCACC
ATGGGAGAGACCGATC and primer MCEADON, treating with Klenow
fragment and NheI, and ligating with NheI/HincII-digested pBAD101. To con-
struct pAB13, expressing the mature portion of preMceA with an N-terminal
hexahistidine tag (6H-MceA) under the control of the PBAD promoter, a frag-
ment encoding mature MceA was obtained by digesting pAB10 with BsaI and
treating with Klenow fragment and HindIII. This fragment was cloned in NcoI-,
Klenow fragment-, and HindIII-digested pBADHisEYGFD (pBAD24 vector
with a hexahistidine tag; a kind gift of F. Duong). This resulted in the insertion
of one alanine between the N-terminal hexahistidine tag and the mature portion
of preMceA. pAB10-1C, expressing ABC-MceA without the C-terminal serine
(Fig. 1B), was obtained by performing a PCR on pAB10 by use of primers
5	-CTATTAACCACTACCGGAACTGGATG and UPSACII (5	-CGGATTAG
GATCAGCAGC), treating with Klenow fragment and SacII, and ligating with
HincII/SacII-digested pAB10. pAB10-6C, -11C, and -16C, expressing ABC-
MceA without the 6, 11, and 16 C-terminal residues (Fig. 1B), were constructed
similarly, using primers 5	-CTATTAGGATGTTGCGCTGTTATAACC, 5	-CT
ATTAATAACCACTACCGCTACCATTCC, 5	-CTATTAACCATTCCAGCT
TGGCC, and 5	-CTATTACCCGATGAGTACAGGGATGG, respectively, with
primer UPSACII. pAB13-1C, -6C, -11C, and -16C, expressing 6H-MceA without
the 1, 6, 11, and 16 C-terminal residues, were obtained by replacing the SacII-
EagI fragment of pAB13 containing the 3	 portion of mceA by the cognate
fragments from pAB10-1C, -6C, -11C, and -16C, respectively. To construct
pAB16, expressing TrxA fused to the C terminus of �ss-MceA, the trxA coding
sequence was obtained by performing a PCR on DB503 genomic DNA, using as
primers 5	-CCGATAAAATTATTCACCTGACTGACGAC and 5	-GACAGA
GATCTCGAAGTCAACACTAAGTTAGCATGAC. The amplified DNA was
digested with BglII and ligated with HincII/BglII-digested pAB12. pAB15, ex-
pressing TrxA fused to the C terminus of PhoA73-MceA, was constructed by
replacing the SpeI-SacII fragment of pAB16 containing the 5	 portion of mceA
by the cognate fragment from pAB11. pAB17, expressing ManZ under the
control of the PBAD promoter, was constructed by PCR amplification of pJFP-
H6M, using as primers 5	-CAGCGAGCTCAGGAGGAATTCACCATGAGA
CACCATCACCATCAC and 5	-GTCTAGATATTATACCCGGGCCAGTCC
CAGCAGGCCGCAAGCGTAAC. After treatment with Klenow fragment, the
amplified DNA was digested with SacI and cloned in SacI/HincII-digested
pBAD33.

Purification of MccE492. MccE492 was purified from E. coli BL21(pJEM15)
culture supernatant as described previously (2).

Bacterial viability assay by fluorescence. Cells were grown in LB medium to an
A600 of 0.3, induced with 0.2% arabinose for 1 h, resuspended in the same
volume of H2O (live cells) or 70% isopropanol (dead cells used as a control),
incubated for 1 h at room temperature, washed, and resuspended in H2O to a
final A600 of 0.6. One milliliter of this suspension was mixed with 3 �l of a dye
mixture containing 1.67 mM SYTO 9 dye and 10 mM propidium iodide (LIVE/
DEAD BacLight Viability Kit L-7012; Molecular Probes). After 15 min of
incubation at room temperature, fluorescence emission was measured at 500 and
635 nm, with the excitation wavelength set at 470 nm. Viability is expressed as a
ratio of the emission at 500 nm to that at 635 nm. DB503 pBAD101 cells
resuspended in H2O were taken as the reference for live cells (100% viability),
while the same cells resuspended in 70% isopropanol were taken as the reference
for dead cells (0% viability).

MccE492 activity assay by the critical dilution method. Purified MccE492 (10
mg/ml) was serially diluted in 50% methanol. Four-microliter drops of diluted
samples were laid onto LB agar plates previously covered with 3 ml of LB top
agar containing 2 
 107 cells. After 15 h of incubation at 37°C, the activity was

determined by the critical dilution method and expressed in arbitrary units per
ml (37).

Proline uptake assay. Proline uptake was measured essentially as described
previously (1). Cultures were grown in LB medium to an A600 of 0.2 to 0.3 and
induced for the indicated times with 0.2% arabinose. Cells were washed three
times with MM (M63 salts, 1 mM MgCl2) and resuspended at �2 A600. [3H]pro-
line (50 Ci/mmol) (MT531; Hartmann, Germany) was diluted in MM with a
100-fold excess of unlabeled proline. Cells were exposed to 4 �M proline (2
�Ci/ml). After 20, 40, and 60 seconds, 200 �l of cells was filtered through
nitrocellulose (DAWP, 0.65 �m; Millipore). The filters were immediately washed
with 5 ml of MM, and the radioactivity was measured by liquid scintillation. An
unfiltered aliquot was used to determine the total radioactivity input. The values
of proline uptake were normalized to the A600, and the slope of uptake was
calculated by linear regression. Approximately 10 to 25% of the input proline was
recovered after 1 minute from uninduced control cells.

Generation and mapping of transposon insertion mutants. Cells expressing
endogenous MceA upon induction with arabinose were grown at 37°C in LB
containing the appropriate antibiotics to an A600 of 1.5. Two hundred fifty
microliters of culture was centrifuged and resuspended in 1 ml of LB supple-
mented with 10 mM MgSO4 and �NK1316 phages (31) in a final ratio of 0.3
phage per bacterium. The suspension was incubated for 15 min at 37°C without
shaking, and, after addition of 1 ml of LB, further incubated for 90 min under
agitation. The total number of cells bearing a transposon was measured by
spreading appropriate dilutions onto LB plates supplemented with kanamycin.
Cells potentially resistant to MccE492 (arabinose resistant [Arar]) were obtained
by diluting the suspension 1:10 in LB medium containing the appropriate anti-
biotics and incubating overnight at 39.5°C to allow phenotypic expression of
mutant genes. Various dilutions of this culture were spread onto LB plates
supplemented with the appropriate antibiotics and 0.2% arabinose and incu-
bated overnight at 39.5°C. Arar colonies were then tested for MccE492 sensitivity
by streaking bacteria on LB plates across a drop of purified MccE492 (1 mg/ml)
and incubating overnight at 37°C. The ability to metabolize mannose was as-
sessed by streaking bacteria on MacConkey plates supplemented with 1% man-
nose and on minimal plates (M63 salts, 1 mM MgSO4, 4 �g/ml thiamine)
containing 0.2% mannose as the only carbon source. The insertions were trans-
ferred into DB503 by P1vir phage-mediated transduction.

Transposon insertions were mapped as described previously (29). Briefly,
circularized fragments of Sau3AI-digested mutant chromosomal DNA were sub-
jected to inverse PCR (30 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 45 s),
using a pair of divergently oriented primers designed for the ends of the trans-
poson (ah1 and ah2). The amplified chromosomal region flanking the transposon
was sequenced with the same primers.

Pulse-labeling and immunoprecipitation. Cells from saturated cultures in LB
medium were diluted 1:50 and grown overnight in M63 medium containing 0.2%
(vol/vol) glycerol as a carbon source and all amino acids except methionine and
cysteine at a final concentration of 50 mg/liter, diluted 1:40, and grown at 37°C
to an A600 of 0.2. Cells were induced with 0.2% arabinose for 1 h, and 1-ml
samples were labeled with 50 �Ci/ml of [35S]methionine (IS-103; Hartmann,
Braunschweig, Germany) for 1 min. Labeling was stopped by transferring the
samples to chilled tubes containing 0.1 ml of 0.2% (wt/vol) methionine. Cells
were centrifuged for 2 min at 13,000 
 g at 4°C, resuspended in 50 �l of SDS
buffer (1% [wt/vol] SDS, 10 mM Tris [pH 8], 1 mM EDTA), and heated for 2 min
at 90°C. After 5 min at room temperature, 800 �l of KI buffer (50 mM Tris [pH
8], 150 mM NaCl, 2% [vol/vol] Triton X-100) was added. After 10 min on ice, the
lysates were centrifuged for 10 min at 13,000 
 g. Anti-MceA or anti-OmpA
antiserum was added to 300 �l of lysates. After 12 h on ice, immune complexes
were bound to an excess of fixed Staphylococcus aureus cells (IgGsorb) for 1 h on
ice. The cells were washed twice with 1 ml of HB (50 mM Tris [pH 8], 1 M NaCl,
1% Triton X-100, 1 mM EDTA) and once with 1 ml of 10 mM Tris (pH 8).
Pellets were resuspended in 50 �l of SB� (50 mM Tris [pH 6.8], 5% [vol/vol]
�-mercaptoethanol, 1% SDS, 0.0025% [wt/vol] bromophenol blue, and 8.5%
[vol/vol] glycerol) and boiled for 2 min, and eluates were loaded onto 19.6%
SDS-polyacrylamide gels, using a “high-Tris” buffer system containing 6 M urea
(5). Gels were fixed, dried, and autoradiographed.

Pulse-labeling and detection of hexahistidine-tagged proteins. Cells were
grown, labeled, and lysed as described above, except for the following modifica-
tions: cells were induced for 1 min and labeled for 5 min, the SDS buffer was free
of EDTA, and the KI buffer contained 300 mM NaCl. Four hundred microliters
of lysates was incubated at 4°C for 30 min with 20 �l of nickel-nitrilotriacetic acid
agarose matrix (QIAGEN) and washed twice with 10 mM Tris (pH 8), 1 M NaCl,
1% Triton X-100 and once with 1 ml of 10 mM Tris (pH 8). Pellets were
resuspended in 40 �l of SBX (80 mM Tris [pH 6.8], 1% [vol/vol] �-mercapto-
ethanol, 2% SDS, 0.01% [wt/vol] bromophenol blue, 10% [vol/vol] glycerol, and
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10 mM EDTA) and incubated for 20 min at 37°C, and eluates were loaded onto
19.6% SDS-polyacrylamide gels. Gels were fixed, dried, and autoradiographed.

Immunoblotting. Samples were diluted in SB� (see “Pulse-labeling and im-
munoprecipitation” above), boiled for 5 min, and loaded onto 15% SDS-poly-
acrylamide gels. Proteins were transferred to nitrocellulose membranes (Protran
BA 85; Schleicher & Schuell, Keene, NH). MceA was detected with an enhanced
chemiluminescence kit (Amersham) by use of anti-MceA antiserum (1:3,000)
and horseradish peroxidase-linked anti-rabbit donkey antibody (1:5,000; Amer-
sham).

RESULTS

The expression of MceA alone is bactericidal. The mceA
gene encodes preMceA, which is modified and cleaved before
or during secretion into the extracellular medium. The se-
creted, modified protein is called MccE492, and its polypeptide
backbone is referred to as MceA. Several specific proteins are
absolutely required for the maturation and secretion of func-
tional MccE492 into the extracellular medium. These proteins
are believed to be involved either in export (MceFGH) or in a
posttranslational modification important for MccE492 recog-
nition by outer membrane receptors on target cells (MceCIJ).
Therefore, they may not be required for self-killing of a cell
that expresses MceA without the immunity protein MceB.
Since MccE492 normally gains access to the inner membranes
of target cells from the periplasmic side of the membrane, we
tried first to assess the toxicity of MceA targeted to the
periplasm to test this hypothesis. To this goal, we constructed
a plasmid, pAB9, which expresses the signal sequence of alka-
line phosphatase (PhoA) fused to the 84-residue mature por-
tion of preMceA (PhoA-MceA). PhoA is a periplasmic protein
that is exported through the general secretory pathway. Trans-
location via this pathway is achieved by the Sec translocase, a
large complex that includes the SecYEG inner membrane pro-
teins (11, 56). The expression of this fusion protein was placed
under the control of the arabinose-inducible PBAD promoter
(25). This promoter was chosen because of its very low basal
expression level, which is of key importance when dealing with
toxic proteins. However, pAB9 was found to strongly interfere
with cell growth even without arabinose induction. We there-
fore designed a new plasmid, pAB11, which is identical to
pAB9 except that it codes for a fusion of a mutated PhoA
signal sequence (PhoA73) to mature MceA (PhoA73-MceA).
PhoA73 has a point mutation (L14Q) that reduces export to
30% of that of wild-type PhoA (38). We also designed a plas-
mid expressing the cleaved, mature portion of preMceA with-
out any signal sequence (�ss-MceA). This plasmid, pAB12,
should produce MceA that accumulates in the cytoplasm,
which would in principle not be toxic.

Figure 2A shows that neither pAB11 (PhoA73-MceA) nor
pAB12 (�ss-MceA) interferes with colony formation or with
the size of the colonies in the absence of arabinose. Upon
arabinose induction, pAB11 confers strong toxicity (Fig. 2B,
lane 3), which indicates that MceA is toxic when it is targeted
to the general secretory pathway. Surprisingly, pAB12 (Fig. 2B,
lane 2) is also toxic in the presence of arabinose. In order to
determine if the levels of toxicity of pAB11 and pAB12 are
similar, these two plasmids were introduced in a strain bearing
an rpoA341 mutation to lower expression from the PBAD pro-
moter. rpoA codes for the alpha subunit of the RNA polymer-
ase, and the rpoA341 allele specifically impairs the transcrip-

tion of several positively regulated operons. In particular, it is
associated with a more-than-10-fold decrease in transcription
from the PBAD promoter (23). Interestingly, while pAB11
maintains a strong toxicity in an rpoA341 strain (Fig. 2B, lane
6), pAB12 is no longer toxic in such a strain (Fig. 2B, lane 5).
Similar conclusions can be drawn from fluorescence viability
experiments (Fig. 2C). Figure 2D (lower panel) shows that
upon arabinose induction, pAB12 and pAB11 express similar
amounts of �ss-MceA and PhoA73-MceA proteins, respec-
tively; the expression of OmpA is shown as a control (Fig. 2D,
upper panel). Taken together, these results show that the ex-
pression of both �ss-MceA and PhoA73-MceA is strongly bac-

FIG. 2. Bactericidal activity of endogenous MceA in the absence of
all the other proteins encoded by the MccE492 gene cluster. (A and B)
Serial dilutions of overnight cultures of DB503 (rpoA�) with pBAD101
(vector), pAB12 (�ss-MceA), or pAB11 (PhoA73-MceA) and of
DB512 (rpoA341) with pBAD101 (vector), pAB12 (�ss-MceA), or
pAB11 (PhoA73-MceA) were spotted (5 �l) on LB plates without
arabinose (A) or with 0.2% arabinose (B) and incubated overnight at
37°C. Results shown here are representative of three independent
experiments. (C) Viability assay of cultures of DB503 (rpoA�) with
pBAD101 (vector), pAB12 (�ss-MceA), or pAB11 (PhoA73-MceA)
and of DB512 (rpoA341) with pBAD101 (vector), pAB12 (�ss-MceA),
or pAB11 (PhoA73-MceA) after 1 h of arabinose (0.2%) induction.
Each value represents the average of three independent cultures. Er-
ror bars indicate standard deviations. (D) Synthesis levels of �ss-MceA
and PhoA73-MceA. Cultures of AB3 (MccE492-resistant strain; see
below) with pBAD101 (vector), pAB12 (�ss-MceA), or pAB11
(PhoA73-MceA) were pulse-labeled as described in Materials and
Methods. Proteins were immunoprecipitated with anti-MceA anti-
serum (lower panel) or with anti-OmpA antiserum (upper panel) and
detected by SDS-PAGE and autoradiography.
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tericidal. However, the specific activity of �ss-MceA is lower
than that of PhoA73-MceA, indicating that targeting to the
general secretory pathway is associated with a higher bacteri-
cidal activity. Strains harboring pAB11 or pAB12 are no longer
sensitive to arabinose induction when they express the immu-
nity protein MceB from plasmid pAB7 (data not shown). This
indicates that the toxicity mediated by endogenous �ss-MceA
or PhoA73-MceA is mechanistically related to that of extra-
cellular MccE492.

One interpretation for the unexpected toxicity associated
with the expression of �ss-MceA would be that �ss-MceA is
somehow exported to the periplasm, for instance because it
may harbor an internal signal sequence that allows targeting to
the Sec translocase. Alternatively, �ss-MceA could be toxic
without being exported by inserting into the inner membrane
from the cytoplasm.

The bactericidal activity of endogenous MceA is enhanced
by an efficient targeting to the inner membrane. In order to
better understand why �ss-MceA expression is toxic, we tried
to determine whether �ss-MceA toxicity was dependent on
membrane targeting by comparing the bactericidal activities of
this protein in wild-type (AD85) and prlA4 (AD413) strains.
prlA4 is a secY allele that improves the export of proteins with
a variety of defective signal sequences and even allows secre-
tion of proteins entirely devoid of signal sequences (15). Figure
3B shows that �ss-MceA expression is more toxic in a prlA4
strain than in a secY� strain. A similar conclusion can be drawn
from growth experiments performed with a low level of arabi-
nose induction (0.002%). Indeed, �ss-MceA expression arrests
cell growth more rapidly in a prlA4 strain than in a secY� strain
(Fig. 3C). Since a more efficient recognition by the Sec trans-
locase (prlA4) leads to increased toxicity, it appears that �ss-
MceA toxicity is enhanced by targeting to the inner membrane
or to the periplasm. This conclusion is in good agreement with
the observations (i) that PhoA73-MceA has a stronger bacte-
ricidal activity than �ss-MceA (Fig. 2) and (ii) that the muta-
tion in the signal sequence of PhoA73, which is known to
reduce targeting to the Sec translocase compared to wild-type
PhoA, is associated with a toxicity of PhoA73-MceA lower
than that of PhoA-MceA (data not shown). However, these
experiments do not determine whether �ss-MceA toxicity in a
secY� strain is due to partial recognition by the Sec translocase
or to membrane targeting by another route.

The bactericidal activity of endogenous MceA does not re-
quire complete export to the periplasm. Two distinct mecha-
nisms could account for the toxic activity of endogenous �ss-
MceA and PhoA73-MceA shown in Fig. 2. MceA may first
need to be fully translocated to the periplasm and then inte-
grate into the inner membrane from the outer side of the
membrane. In the case of �ss-MceA, export could be due to
partial recognition by the Sec translocase in the absence of a
well-defined N-terminal signal sequence. Alternatively, endog-
enous MceA could insert into the inner membrane from the
cytoplasm and be active without first being exported to the
periplasm. To discriminate between these two possibilities, we
fused thioredoxin-1 (TrxA) to the C terminus of MceA. TrxA
is a cytoplasmic protein that rapidly folds and is therefore
unable to be exported, even when it is fused to the signal
sequence of PhoA (51). Figure 4B shows that fusing TrxA does
not alter the toxicity mediated by �ss-MceA or PhoA73-MceA.

To rule out that these two MceA-TrxA fusion proteins are
toxic due to cleavage and release of free MceA, we assessed
the presence of free and TrxA-fused MceA in the correspond-
ing cells. Figure 4C shows that no free MceA can be detected
in the cultures expressing the �ss-MceA-TrxA and PhoA73-
MceA-TrxA fusions. In addition, to ensure that the TrxA do-
mains of the MceA-TrxA fusions are properly folded and re-
main in the cytoplasm, the fusions were assessed for their
abilities to complement a trxA strain. TrxA has been shown to
be required for the assembly of filamentous phages such as f1
and M13 (35). As expected, we found that while a trxA strain
was totally unable to support phage M13 replication, it recov-
ered a phage M13 plating efficiency similar to that of the
isogenic trxA� strain when it was transformed with either
pAB16 (�ss-MceA-TrxA) or pAB15 (PhoA73-MceA-TrxA)
(data not shown). Thus, since the TrxA domains of the MceA-
TrxA fusions are functional, they must be normally folded and
localized in the cytoplasm. Taken together, these results indi-
cate that endogenous MceA does not need to be entirely trans-
located to the periplasm to be active but remains fully func-

FIG. 3. Toxicity of �ss-MceA expression in secY� and prlA4 strains.
(A and B) Serial dilutions of overnight cultures of AD85 (secY�) with
pBAD101 (vector) or pAB12 (�ss-MceA) and of AD413 (prlA4) with
pBAD101 (vector) or pAB12 (�ss-MceA) were spotted (5 �l) on LB
plates without arabinose (A) or with 0.2% arabinose (B) and incubated
overnight at 37°C. Results shown here are representative of three
independent experiments. (C) Growth curves of AD85 (secY�) with
pBAD101 (vector) (�), AD413 (prlA4) with pBAD101 (vector) (■ ),
AD85 (secY�) with pAB12 (�ss-MceA) (‚), and AD413 (prlA4) with
pAB12 (�ss-MceA) (Œ) in LB supplemented with 0.002% arabinose.
Cell growth was followed by recording the A600 of the cultures at the
indicated times.

7054 BIELER ET AL. J. BACTERIOL.



tional when its C terminus is retained in the cytoplasm by
TrxA. As expected, the bactericidal activity caused by these
MceA-TrxA fusions is also abolished in strains that express
MceB (data not shown).

The C-terminal domain of MceA is necessary for delivery
from the extracellular environment to the periplasm but is not
required for bactericidal activity. The posttranslational modi-
fication of the C-terminal residue (serine 84) of MceA that is
found in secreted MccE492 has been proposed to be involved
in the recognition by the outer membrane receptors on target
cells (55). Based on this assumption, we tried to determine
whether the C-terminal portion of MceA was involved only in
outer membrane recognition and was not necessary for inner

membrane insertion and toxic activity. MceA variants lacking
1, 6, 11, or 16 C-terminal residues were generated from the
full-length MceA protein by adding two stop codons (one
ochre and one amber) at the desired positions (Fig. 1B). We
first assessed the effect of such truncations on the MceA pro-
tein synthesized with its original ABC signal sequence (ABC-
MceA; see Materials and Methods) to direct export to the
extracellular medium. Figure 5A shows that while the full-
length ABC-MceA is functional, removing only the C-terminal
serine residue (ABC-MceA-1C) is sufficient to abolish the ac-
tivity of secreted MceA on target cells. As expected, the other
truncated ABC-MceA proteins lacking 6, 11, or 16 C-terminal
residues are also inactive (data not shown). To ensure that this
loss of activity was not due to a defect in MceA production or
transport to the extracellular medium, we performed an im-
munoblot on the medium of the cultures producing either
full-length ABC-MceA or the mutant lacking the C-terminal
serine. Figure 5B shows that both proteins accumulate to sim-
ilar levels.

The MceA mutants lacking 1, 6, 11, or 16 amino acids were
investigated for their bactericidal activity against the cells that
produce them, in the absence of the immunity protein MceB.
Since several of the truncations remove the epitope recognized
by our antiserum, a hexahistidine tag was introduced at the N
terminus of each of the proteins. This does not interfere with
the bactericidal activity of MceA. Figure 6B shows that cells
harboring the plasmids encoding either full-length MceA or
the mutants lacking 1, 6, or 11 C-terminal residues are all
sensitive to arabinose. By contrast, no toxicity is observed upon
induction of the mutant lacking 16 residues. The synthesis
levels of full-length MceA and of the truncated MceA mutants
were assessed to make sure that the differences in activity
among these proteins were not due to variations in the amount
of proteins being produced (Fig. 6C). These experiments show
that at least 11 amino acids can be removed from the C ter-
minus without preventing toxicity if the microcin is synthesized
directly in the target cell, when no extracellular intermediate is

FIG. 4. Bactericidal activity of endogenous MceA-TrxA chimeric
proteins. (A and B) Serial dilutions of overnight cultures of DB503
(rpoA�) with pBAD101 (vector), pAB12 (�ss-MceA), or pAB16 (�ss-
MceA-TrxA) and of DB512 (rpoA341) with pBAD101 (vector), pAB11
(PhoA73-MceA), or pAB15 (PhoA73-MceA-TrxA) were spotted (5
�l) on LB plates without arabinose (A) or with 0.2% arabinose (B) and
incubated overnight at 37°C. DB512 (rpoA341) was used instead of
DB503 (rpoA�) to better monitor a possible change in bactericidal
activity between PhoA73-MceA and PhoA73-MceA-TrxA. Results
shown here are representative of three independent experiments.
(C) Synthesis levels of �ss-MceA and PhoA73-MceA fused or not to
TrxA. Cultures of AB3 (MccE492-resistant strain; see below) with
pBAD101 (vector), pAB12 (�ss-MceA), pAB11 (PhoA73-MceA),
pAB16 (�ss-MceA-TrxA), or pAB15 (PhoA73-MceA-TrxA) were
pulse-labeled as described in Materials and Methods. Proteins were
immunoprecipitated with anti-MceA antiserum and separated by SDS-
PAGE. The lower panel corresponds to the gel portion where �ss-
MceA and PhoA73-MceA alone migrate. The upper panel corre-
sponds to the gel portion where �ss-MceA and PhoA73-MceA fused
to TrxA migrate.

FIG. 5. Bactericidal activity of extracellular full-length MccE492
and of C-terminally truncated MceA. (A) Growth inhibition assay of a
lawn of MccE492-sensitive cells [BL21(pBR322, pBAD101)] overlaid
with 5 �l of overnight culture of AB7 with pBAD101 (vector), pAB10
(ABC-MceA), or pAB10-1C (ABC-MceA-1C) on an LB plate supple-
mented with 0.2% arabinose. Strain AB7 contains all the genes of the
MccE492 system, except mceA, in plasmids pAB4 and pAB7. The plate
was incubated overnight at 37°C. Note that both the lawn and the
tested cultures are growing on this plate. (B) MceA immunoblot of the
media of cultures of AB7 with pBAD101 (vector), pAB10 (ABC-
MceA), or pAB10-1C (ABC-MceA-1C). Media were obtained from
24-h cultures in M9 minimal medium supplemented with 0.2% arabi-
nose.
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required. The bactericidal activity caused by these endogenous
truncated MceA proteins is abolished in strains that express
MceB (data not shown). Thus, their final mechanism of action
cannot be distinguished from that of full-length MceA.

The results obtained by comparing the bactericidal activities
of full-length and truncated extracellular MccE492 and endog-
enous MceA strongly suggest that the C-terminal domain of
MccE492 is involved in outer membrane recognition and/or
transport to the periplasm. By contrast, at least 11 residues can
be removed from the C terminus of endogenous MceA without
preventing bactericidal activity.

The ManYZ inner membrane complex is necessary for the
bactericidal action of both extracellular MccE492 and endog-
enous MceA. MccE492 killing may require interaction with
another inner membrane component to form a toxic structure.
For instance, this other component could either help MccE492
adopt its final conformation in the membrane or, alternatively,
be part of the toxic structure with MccE492. Sensitivity to
MccE492 has been shown to depend on the presence of several
proteins. These include three outer membrane proteins, FepA,
Fiu, and Cir, as well as TonB. Since these four proteins are

involved in the transport of MccE492 from the extracellular
medium to the periplasm, their absence does not abolish the
sensitivity for endogenous MceA expressed from pAB11 or
pAB12 (data not shown). We took advantage of this property
to look for mutants that would be resistant to MccE492 be-
cause of a missing component necessary for bactericidal activ-
ity. Indeed, mutants resistant to endogenous MceA may also
be resistant to extracellular MccE492 but should not corre-
spond to outer membrane receptors or TonB mutants. To this
goal, DB503 cells expressing endogenous MceA were ran-
domly mutagenized by Tn10 transposition. Arar colonies were
obtained at a frequency of 10�3 among Tn10-containing colo-
nies. From 100 Arar colonies, 52 were found to be resistant to
purified MccE492. Sequencing two of these mutants revealed
that the transposons were inserted in the manXYZ operon (8th
codon of manX and 96th codon of manY). The manY::Tn10
insertion was chosen for further studies. Table 3 shows that
while several wild-type E. coli K-12 strains (DB503, MG1655,
and JCB606) are sensitive to purified MccE492, they become
fully resistant to the highest available concentrations of puri-
fied MccE492 when they contain the manY::Tn10 insertion
(strains AB4, AB5, and AB6). The same result was obtained
with BL21, an E. coli B strain (data not shown). As expected,
a strain with a deletion of the manXYZ operon (strain AB3) is
also resistant to MccE492 (Table 3).

The manXYZ operon (formerly referred to as ptsLPM;
manY is formerly referred to as pel) encodes one cytoplasmic
protein, ManX, and two inner membrane proteins, ManY and
ManZ. These three proteins form the mannose permease, a
complex involved in the uptake of mannose and related hex-
oses (20, 58). In order to determine which of these proteins
is/are required for MccE492 activity, we performed comple-
mentation experiments. As can be seen in Table 3, when strain
AB3 (�manXYZ) harbors pJFL, which contains only manX, no
sensitivity to MccE492 can be detected. In contrast, when it

TABLE 3. MccE492 sensitivities of mannose permease-deficient
strains and other strainsa

Strain Relevant genotype Activity � SD (AU/ml)b

DB503 Wild type 960 � 111
MG1655 Wild type 939 � 148
JCB606 Wild type 896 � 222
AB4 manY::Tn10 No activity
AB5 manY::Tn10 No activity
AB6 manY::Tn10 No activity
AB3 �manXYZ No activity
AB3(pJFL) �manXYZ/manX� No activity
AB3(pTSP11) �manXYZ/manY� No activity
AB3(pAB17) �manXYZ/manZ� No activity
AB3(pJFP-H6M) �manXYZ/manYZ� 1045 � 225
AB3(pJFLPM) �manXYZ/manXYZ� 896 � 222
MG1655(pAB8) Wild type 939 � 148
MG1655(pAB7) mceB� No activity
H1443 Wild type 960 � 111
H1876 fepA fiu cir No activity
AB2 Wild type 1045 � 225
AB1 tonB 48 � 16

a The bactericidal activity of purified MccE492 (10 mg/ml) was assessed in
triplicate for the indicated strains by the critical dilution method (see Materials
and Methods). Expression from the indicated plasmids was induced with 600 �M
IPTG or 0.2% arabinose for Ptac or PBAD promoters, respectively.

b AU, arbitrary units.

FIG. 6. Bactericidal activity of endogenous full-length and C-ter-
minally truncated MceA. (A and B) Serial dilutions of overnight cul-
tures of DH5� with pBAD101 (vector), pAB13 (6H-MceA),
pAB13-1C (6H-MceA-1C), pAB13-6C (6H-MceA-6C), pAB13-11C
(6H-MceA-11C), or pAB13-16C (6H-MceA-16C) were spotted (5 �l)
on LB plates without arabinose (A) or with 0.2% arabinose (B) and
incubated overnight at 37°C. Results shown here are representative of
three independent experiments. (C) Synthesis levels of full-length and
C-terminally truncated MceA. Cultures of DH5� with pBAD101 (vec-
tor), pAB13 (6H-MceA), pAB13-1C (6H-MceA-1C), pAB13-6C (6H-
MceA-6C), pAB13-11C (6H-MceA-11C), or pAB13-16C (6H-MceA-
16C) were pulse-labeled as described in Materials and Methods.
6H-tagged proteins were purified and separated by SDS-PAGE. The
position of full-length 6H-MceA is indicated by an arrow.
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harbors either pJFP-H6M or pJFLPM, which contain manYZ
and manXYZ, respectively, cells become as sensitive as DB503
(wild type). Identical results were obtained using AB4
(manY::Tn10) instead of AB3 (data not shown). To determine
if ManY or ManZ alone would be sufficient for the action of
MccE492, we expressed both proteins separately. Table 3
shows that strain AB3 (�manXYZ) remains fully resistant to
MccE492 when it expresses either ManY (from pTSP11) or
ManZ (from pAB17). In contrast, when the strain harbors both
plasmids, cells become as sensitive as DB503 (data not shown).
Taken together, these observations indicate that while ManX
is not involved in MccE492 sensitivity, both ManY and ManZ
are required for the bactericidal action of the microcin. This
double requirement for ManY and ManZ is consistent with the
fact that these two proteins are stable in the inner membrane
only as a complex and cannot accumulate as individual pro-
teins (B. Erni, personal communication).

Expression of the manXYZ operon is regulated both posi-
tively and negatively (44). Positive regulation is mediated by
binding to the promoter region of cyclic AMP-bound catabo-
lite gene activator protein (CAP). A deletion of cyaA, the gene
coding for adenylate cyclase, lowers the expression of LacZ
fused to manXYZ operon-encoded proteins by a factor of 6
(42). Negative regulation occurs through binding of the Mlc
and NagC repressors to operators located upstream of manX.
While a mutation in nagC has only very little effect, a mutation
in mlc was shown to result in a threefold derepression of the
expression of a ManX-LacZ fusion protein (44). To determine
whether the level of ManXYZ expression has any influence on
the degree of sensitivity to MccE492, the bactericidal activity of
purified MccE492 (10 mg/ml) was assessed for various strains
by the critical dilution method (see Materials and Methods).
No significant difference was observed between strain DB503
and strain AB8, an isogenic strain with a deletion of cyaA (data
not shown). Thus, abolishing cyclic AMP synthesis and as a
consequence CAP-mediated positive regulation is not suffi-
cient to lower ManXYZ expression to a level which is limiting
for the action of MccE492. On the other hand, overexpressing
ManXYZ from the pJFLPM plasmid, even with a strong in-
duction (600 �M IPTG), did not result in any measurable
change in MccE492 sensitivity (data not shown). Taken to-
gether, these results indicate that the ManYZ inner membrane
complex is already present in excess for the bactericidal action
of MccE492 when positive regulation is blocked and negative
regulation is intact.

In order to verify that a ManYZ-deficient strain is always
resistant to the bactericidal activity of MceA regardless of the
route by which it gains access to the inner membrane, the
toxicities of various plasmids were assessed in strain AB4
(manY::Tn10). In contrast to DB503, AB4 is fully Arar when it
is transformed with pAB9 (PhoA-MceA), pAB11 (PhoA73-
MceA), pAB12 (�ss-MceA), or pAB10 (ABC-MceA) together
with the plasmids encoding all the genes involved in ABC-
MceA posttranslational modification and export (pAB4 and
pAB8) (data not shown). Thus, whatever the route by which
MceA reaches the inner membrane, ManYZ are essential for
its bactericidal activity.

Table 3 also shows that resistance to the highest available
concentrations of purified MccE492 seen with the manXYZ
mutations is equivalent to that conferred either by the expres-

sion of MceB [MG1655(pAB7)] or by the inactivation of the
three outer membrane receptors for MccE492, namely, FepA,
Fiu, and Cir (H1876). In contrast, a tonB deletion (AB1) does
not render cells fully resistant to MccE492, which indicates that
some transport of MccE492 from the extracellular medium to
the periplasm occurs in the absence of TonB.

The 52 MccE492-resistant mutants were tested for their
abilities to metabolize mannose. While the nonmutagenized
strain is Man�, all the mutants were found to be Man�. This
suggests that our insertion mutagenesis was saturating and that
mannose permease mutants were the only ones that could be
identified with this approach.

To ensure that we were not missing mutations in other
genes, we performed another Tn10 transposon insertion mu-
tagenesis with an isogenic strain transformed with pJFLPM
(manXYZ). Since this strain contains the manXYZ operon in
multiple copies, the probability of obtaining mutants without
any functional ManYZ is extremely low. As expected, from 80
Arar colonies obtained, all were found to be Man� and sensi-
tive to purified MccE492. These clones are probably Arar due
to chromosomal mutations affecting expression from the PBAD

promoter (30) or to mutations in the plasmid expressing MceA
and have not been further characterized.

As transposon insertion mutagenesis usually yields loss-of-
function mutations, we tried to obtain spontaneous mutants in
order to determine if other targets could be identified, partic-
ularly in essential genes. From DB503 pAB11 cultures, 50
independent spontaneous mutants that were Arar and resistant
to purified MccE492 were identified. Again, all mutants were
Man�, supporting the notion that only mannose permease
mutations can completely prevent a cell from being killed by
both endogenous MceA and extracellular MccE492.

Since MccE492 is known to cause a depolarization of the
inner membrane of target cells (14), we wanted to determine
whether our mannose permease mutants possess an intact
membrane potential upon exposure to the microcin. To this
goal, we assessed the capacity of PhoA73-MceA-expressing
cells to accumulate proline, whose uptake by the H�/proline
symporter is strictly dependent on the proton motive force
(PMF). As can be seen in Fig. 7, while MccE492-sensitive cells
(wild type) exhibited a dramatic loss of PMF when PhoA73-

FIG. 7. Proline uptake in a mannose permease-deficient strain and
in a wild-type strain when PhoA73-MceA is produced. Uptake was
measured in AB3 (�manXYZ) and in DB503 (wild type) transformed
with pAB11 (PhoA73-MceA) either in the absence of arabinose (ara)
or after 20 min of arabinose (0.2%) induction. Proline uptake is ex-
pressed as the percentage of the slope of uptake measured in unin-
duced AB3 cultures. Each value represents the average of three inde-
pendent cultures. Error bars indicate standard deviations.
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MceA is expressed from pAB11, no significant change in the
level of PMF was observed for the mannose permease mutant
strain (�manXYZ). Therefore, it appears that the mannose
permease is critical for an essential step in MccE492 toxicity
that has not been detected in previous studies.

DISCUSSION

Although it is well established that MccE492 inserts in lipid
bilayers and exerts deleterious effects on the inner membrane
of target cells, it has never been demonstrated whether this is
due to a direct action of inner membrane-associated MccE492
or alternatively to a more indirect mechanism involving
periplasmic or cytoplasmic MccE492, for example. The results
presented here support the view that MccE492 toxicity relies
primarily on its localization in the inner membrane. First, the
observation that endogenous MceA remains fully active when
it is fused to TrxA indicates that the bactericidal action of
MceA does not require a complete export to the periplasm or
to the extracellular medium. Second, our experiments show
that �ss-MceA is more toxic in a prlA4 strain than in a secY�

strain. Since prlA4 allows inner membrane targeting and export
of proteins devoid of signal sequence (15), this indicates that
membrane-targeted MceA is more toxic than cytoplasmic
MceA. This conclusion is supported by the fact that PhoA73-
MceA is more active than �ss-MceA in a secY� strain. The
relatively weak toxicity mediated by �ss-MceA in a secY�

strain could be due to partial recognition of a cryptic signal
sequence by the Sec translocase. Alternatively, �ss-MceA
could insert into the inner membrane either spontaneously
or with the help of other proteins. For instance, YidC has
been shown to mediate Sec-independent membrane inser-
tion of proteins, such as the major coat protein of bacterio-
phage M13 (50).

In contrast to the accumulation of MceA, the accumulation
of the structural proteins of other pore-forming bacteriocins in
the cytoplasm in the absence of the corresponding immunity
proteins is not bactericidal. For instance, the expression of
colicin A without its corresponding immunity protein and lysis
protein leads to colicin A accumulation in the cytoplasm but
does not result in loss of viability; similar results were obtained
with colicins E1 and Ib (17). In addition, colicin V was shown
to be bactericidal only when provided to the inner membrane
from its periplasmic face (60). Since endogenous MceA does
not need to be entirely translocated to the periplasm to be
active and remains fully functional when its C terminus is
retained in the cytoplasm by TrxA, it seems to represent an
exception among pore-forming bacteriocins.

The data shown here identify a C-terminal domain of MceA
that is not required for bactericidal activity, although this re-
gion is essential for transport from the extracellular medium to
the inner membrane. Interestingly, this domain exhibits a
strong similarity to the C-terminal domains of microcin M and
microcin H47 (43). Indeed, the 10 C-terminal amino acids of
these microcins show an 80% identity between MceA and
microcin M and a 70% identity between MceA and microcin
H47; virtually no homology can be detected outside of the
C-terminal domains of these proteins. Strikingly, the activities
of microcins M and H47 on target cells are dependent on the
presence of the same three outer membrane receptors (FepA,

Fiu, and Cir) that are required for MccE492 action (43). By
contrast, the bactericidal activities of these proteins appear to
be mediated by different mechanisms. While ManYZ is essen-
tial for the action of MccE492, the Fo proton channel of the
ATP synthase is necessary for microcin H47 activity (48); no
information is currently available on an inner membrane com-
ponent involved in microcin M toxicity. Thus, the C-terminal
domains of microcins E492, H47, and M are likely to be re-
sponsible for the specific binding to FepA, Fiu, and Cir and
possibly also for TonB-mediated import in the periplasm. This
notion is in good accordance with the observation that numer-
ous bacteriocins, in particular colicins, have a modular struc-
ture that presumably arose through evolution by different com-
binations of toxic activity and receptor specificity domains (4).

Our results demonstrate that the bactericidal activity of
MccE492 is dependent on the presence of ManYZ, the inner
membrane components of the mannose permease. This per-
mease couples sugar transport with sugar phosphorylation.
Two cytosolic proteins, namely, enzyme I and HPr, sequen-
tially transfer a phosphoryl group from phosphoenolpyruvate
to ManX, which donates the phosphate to the sugar substrate.
In contrast to ManX, ManYZ are not detectably phosphory-
lated during these reactions (19). Since only ManYZ are re-
quired for MccE492 activity, the phosphate transfer reactions
involved in sugar transport by the mannose permease are not
related to the mechanism of action of MccE492.

Several inner membrane proteins have been shown to be
essential for the bactericidal activities of other bacteriocins.
For instance, SdaC, a serine transporter, is required for the
activity of colicin V (22), while the Fo proton channel of the
ATP synthase is necessary for the antibacterial action of mi-
crocin H47 (48). However, it is unknown whether these inner
membrane proteins act as docking proteins to promote the
membrane attachment and insertion of the bacteriocins, if they
help the bacteriocins form their active structures, or if they are
part of the structures responsible for toxicity.

Mannose permease mutants are resistant both to extracel-
lular MccE492, delivered to the inner membrane from the
periplasmic side, and to endogenous MceA, delivered from the
cytoplasmic side. If ManYZ had a membrane docking function
for the microcin, then ManYZ would need to have redundant
domains facing the periplasm and the cytoplasm. Considering
also that PhoA73-MceA, which is targeted to the Sec translo-
case and therefore to the inner membrane, is not toxic to
mannose permease mutants, it appears unlikely that ManYZ
act as an inner membrane docking complex. However, it re-
mains to be determined whether ManYZ play only a transient
role in helping MccE492 form a toxic structure or if they play
a structural role in the final toxic structure with MccE492.

The mannose permeases of various gram-positive bacteria
have previously been reported to be required for the activities
of several bacteriocins. In Listeria monocytogenes, the mannose
permease, encoded by the mptACD operon, has been shown to
be necessary for the bactericidal activity of leucocin A and
mesentericin Y105, two closely related bacteriocins (10, 47). In
addition, the mannose permease of Enterococcus faecalis is
also involved in mesentericin Y105 sensitivity (28). The mech-
anism of action of mesentericin Y105 is similar to that of
MccE492, since it also dissipates the proton motive force of
susceptible cells (36). Interestingly, MptC, which is homolo-
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gous to the E. coli ManY, is sufficient to confer leucocin A
sensitivity when it is expressed in Lactococcus lactis (46). It is
therefore tempting to speculate that ManY, and not ManZ, is
the protein directly involved in MccE492 sensitivity. Thus, our
findings with MccE492 suggest that the mannose permease
could be a target for diverse bacteriocins, not only among
gram-positive species, but also in gram-negative ones.

Interestingly, the ManYZ complex has also been shown to
be required for the penetration of bacteriophage � DNA
across the cytoplasmic membrane by an as-yet-unknown mech-
anism (18, 20). A ManYZ mutagenesis approach should help
determine whether the entry of bacteriophage � DNA and the
toxic activity of MccE492 rely on interactions with the same
portions of the mannose permease.

Another class of MccE492-resistant mutants, the semA mu-
tants, has been described previously (45). Two types of semA
mutants were identified, namely, Tn5 insertion mutants and
spontaneous mutants. Genetic data indicate that the sponta-
neous semA mutants may correspond to mutations close to or
in the manXYZ operon. By contrast, mapping data rule out the
possibility that semA12, a Tn5 insertion mutant, represents a
mutation close to the manXYZ operon. Since semA12 is asso-
ciated with only partial resistance to MccE492, it could corre-
spond to a mutation in a regulatory gene controlling the ex-
pression of FepA, Fiu, Cir, TonB, or ManXYZ.

Among all known bacteriocins, microcin 24 exhibits the
highest degree of similarity to MccE492, and its amino acid
sequence is 50% identical to that of MccE492. Microcin 24 is
produced by a uropathogenic E. coli strain and is active against
Escherichia and Salmonella spp. (41). Although its mechanism
of action is totally unknown, this high similarity may indicate a
shared mechanism. In particular, it would be interesting to

determine if the action of microcin 24 also requires the pres-
ence of ManYZ in the inner membrane.

In conclusion, we propose in Fig. 8 models for the bacteri-
cidal mechanisms of endogenous MceA (Fig. 8A) and extra-
cellular MccE492 (Fig. 8B). Endogenous MceA fused to the
PhoA73 signal sequence (PhoA73-MceA) is targeted to the
SecYEG complex, where it might be N-terminally cleaved (by
homology with PhoA) and laterally released into the inner
membrane to form a toxic structure that leads to membrane
depolarization and permeabilization. Toxicity is strictly depen-
dent on the presence of the ManYZ complex in the inner
membrane. The presence of a folded TrxA domain fused to the
C terminus of MceA does not impair its bactericidal activity. In
cells containing all the genes from the original MccE492 gene
cluster, MccE492 is first synthesized as a precursor which is
posttranslationally modified at its C terminus, cleaved, and
secreted through its dedicated ABC exporter to the extracel-
lular medium. The C-terminal domain of MccE492, including
the posttranslational modification, is responsible for specific
binding to the three outer membrane receptors on target cells,
FepA, Fiu, and Cir. MccE492 is then translocated through the
outer membrane by a mechanism whose efficiency depends on
TonB, although MccE492 can be translocated to some degree
in the absence of TonB. Upon inner membrane insertion with
its C terminus on the cytoplasmic side of the membrane (by
homology with endogenous MceA), MccE492 forms a toxic
structure. The ManYZ inner membrane complex is also abso-
lutely essential for MccE492 toxicity.

Two major issues remain to be addressed. First, the struc-
ture responsible for the bactericidal activity of MccE492 is
still unknown. In particular, the respective contributions of
MccE492 and ManYZ to a putative channel-like structure are

FIG. 8. Models for the bactericidal mechanisms of endogenous MceA (A) and extracellular MccE492 (B). MceA and MccE492 are represented
as black ellipses with protruding N-terminal signal sequences and C-terminal domains. OM, outer membrane; IM, inner membrane; YEG,
SecYEG complex; C*, posttranslationally modified MccE492 C terminus. �TrxA indicates that the bactericidal activity of endogenous MceA is
not affected by the presence of a C-terminal TrxA domain. Instead of �ss-MceA, PhoA73-MceA was chosen here as an example of endogenous
MceA. Details are described in the text.
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yet to be determined. Second, the mechanism by which MceB
blocks the action of MccE492 remains unsolved. Since MceB is
able to prevent the toxicity mediated by endogenous MceA
targeted to the Sec translocase, as well as extracellular
MccE492 that is delivered to the inner membrane from its
periplasmic side, it is unlikely that MceB would exert its action
by preventing the membrane insertion of MccE492. Further
experimental work will be required to determine if MceB func-
tions by blocking an interaction between MccE492 and
ManYZ or by destabilizing the final toxic structure.
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